The ribotoxins are a family of ribosome inactivator proteins which have a highly specific activity against the phosphodiester bond of the sarcin/ricin domain universally preserved in 28S ribosomal RNA, leading to protein synthesis inhibition and cell death by apoptosis (Gasset et al. [@CR3]; Kao et al. [@CR9]; Kao and Davies [@CR8]). Ribotoxins were discovered during a screening program searching for antibiotics and antitumor agents (Olson et al. [@CR21], [@CR22]). The producing fungus was identified as *Aspergillus giganteus* MDH 18894, and the molecule responsible for these effects proved to be a protein, named α-sarcin (Olson and Goerner [@CR19]). Although ribotoxin production has also been observed in *A. restrictus* isolates NRRL 2869 (named restrictocin; Olson et al. [@CR21]; Yang and Kenealy [@CR34]; López-Otín et al. [@CR15]) and NRRL 3050 (named regulin; Olson and Goerner [@CR20]), these isolates have later been re-identified as *A. fumigatus* (Summerbell [@CR50]). Several other ribotoxins have been identified since then, including mitogillin (Rodriguez et al. [@CR26]; Fernandez-Luna et al. [@CR2]), clavin (Parente et al. [@CR23]), gigantin (Salvarelli et al. [@CR27]; Wirth et al. [@CR33]), c-sarcin (Huang et al. [@CR6]), and hirsutellins (Mazet and Vey [@CR18]; Liu et al. [@CR14]; Martínez-Ruiz et al. [@CR17]), a homolog of which have also been identified in the genomic DNA sequence of *A. clavatus* NRRL 1 (WC Nierman, unpublished; Genbank accession number XM_001273330). Aspf1, another ribotoxin produced by *A. fumigatus* has also been identified as a major allergen in *Aspergillus*-related diseases (Arruda et al. [@CR1]). This protein is secreted by the fungus and was detected in the urine of infected patients (Lamy et al. [@CR12]). α-Sarcin, restrictocin and Aspf1 are the most exhaustively characterized ribotoxins (Lacadena et al. [@CR11]). These studies have indicated a high degree of conservation among ribotoxins, as those characterized display amino acid sequence similarities above 85%, except for hirsutellins (Martínez-Ruiz et al. [@CR17]). Additionally, ribotoxin genes have also been identified ni Penicillium species (Hwu et al. [@CR7]). This suggests that the presence of ribotoxins among fungi is more widespread than initially considered (Martínez-Ruiz et al. [@CR16]).

Ribotoxins have several advantages for use in the design of immunotoxins against cancer cells (Lacadena et al. [@CR11]). However, their cytotoxic effects of ribotoxins hampered their use as therapeutic agents (Lacadena et al. [@CR11]). Genetically engineered immunotoxins with increased stability and affinity are being developed (Rathore et al. [@CR25], Lacadena et al. [@CR11]). Besides, identifying new types of ribotoxins could facilitate their application as agents against tumorigenic processes.

We examined the presence of ribotoxin genes in isolates of species accepted in *Aspergillus* section *Clavati* (Varga et al. [@CR31]) using specific primer pairs. Phylogenetic analysis of the sequences of the amplified gene fragments has been carried out and the encoded protein sequences were compared to those available from public sequence databases.

The fungi examined included isolates belonging to all species allocated to *Aspergillus* section *Clavati* (Varga et al. [@CR31]). The cultures were cultivated on malt peptone broth at 25 C for 2 days, and DNA extractions have been carried out using the Masterpure™ yeast DNA purification kit (Epicentre Biotechnol.) according to the instructions of the manufacturer. For PCR based detection of ribotoxins, the primer pair and PCR conditions developed by Lin et al. ([@CR13]) were applied as described previously (Varga et al. [@CR32]). A DNA fragment of about 500 bp was amplified in some *A. clavatus, A. giganteus, A. longivesica, A. clavatonanicus, A. rhizopodus* and *Neocarpenteles acanthosporus* isolates. *A. longivesica, N. acanthosporus* and *A. clavatonanicus* have not been described previously as ribotoxin producers. In this and a previous study (Varga et al. [@CR32]), we could amplify ribotoxin homologs from 80% of the examined isolates of *Aspergillus* section *Clavati* (24/30 isolates). A fragment of similar size have also been amplified in two isolates of *Dichotomomyces cejpii*, which has recently been accommodated in section *Clavati* based on phylogenetic analysis of various genomic loci (Varga et al. [@CR31]; Peterson et al. [@CR24]).

The amplified fragments have been subjected to sequence analysis. Sequence analysis was performed with the Big Dye Terminator Cycle Sequencing Ready Reaction Kit for both strands, and the sequences were aligned with the MT Navigator software (Applied Biosystems). The ribotoxin gene sequences have been deposited at the Genbank nucleotide sequence database under accession numbers EU308595-EU308610. Similarity searches in the Genbank database indicated that the *D. cejpii* sequences were related to a putative vanillin dehydrogenase sequence of *A. clavatus* NRRL 1, while all other sequences were similar to ribotoxin sequences of various fungi. None of the amplified ribotoxin gene fragments were found to carry introns (data not shown).

The sequence data were optimized using the software package Seqman from DNAStar Inc. Sequence alignments were performed by using CLUSTAL-X (Thompson et al. [@CR30]) and improved manually. The neighbour-joining (NJ) method was used for the phylogenetic analysis. For NJ analysis, the data were first analysed using the Tamura--Nei parameter distance calculation model with gamma-distributed substitution rates (Tamura and Nei [@CR29]), which were then used to construct the NJ tree with MEGA version 3.1 (Kumar et al. [@CR10]). To determine the support for each clade, a bootstrap analysis was performed with 1,000 replications. For parsimony analysis, the PAUP\* version 4.0 software was used (Swofford [@CR28]). Alignment gaps were treated as a fifth character state and all characters were unordered and of equal weight. Maximum parsimony analysis was performed for all data sets using the heuristic search option with 100 random taxa additions and tree bisection and reconstruction (TBR) as the branch-swapping algorithm. Branches of zero length were collapsed and all multiple, equally parsimonious trees were saved. The robustness of the trees obtained was evaluated by 1,000 bootstrap replications (Hillis and Bull [@CR5]).

Phylogenetic analysis of the sequence data together with ribotoxin gene sequences collected from Genbank has been carried out using the neighbour-joining technique (Fig. [1](#Fig1){ref-type="fig"}). The topology of the resulting tree was the same as one of the 1,200 most parsimonious trees obtained by the PAUP software (106/321 parsimony informative characters; tree length: 212; consistency index: 0.7170; retention index: 0.9142). The ribotoxin gene sequences formed distinct clades on the tree, and were found to be related to either α-sarcin, gigantin, c-sarcin or mitogillin/restrictocins (Fig. [1](#Fig1){ref-type="fig"}). Most *A. giganteus* isolates produced ribotoxins related to gigantins, while *A. clavatus* CBS 106.45, *A. clavatonanicus* and the two *A. rhizopodus* isolates produced ribotoxins related to α-sarcin. *A. longivesica* and *N. acanthosporus* produced ribotoxins which were only distantly related to gigantins and c-sarcins, respectively. None of the examined isolates assigned to *Aspergillus* section *Clavati* were found to produce ribotoxins belonging to either the c-sarcin or the mitogillin/restrictocin family (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Neighbour-joining tree based on partial nucleotide sequences of ribotoxin genes. The main families of fungal ribotoxins are indicated on the left. Numbers above branches represent bootstrap values; only values above 70% are shown. The ribotoxins produced by *N.acanthosporus* and *A. longivesica* isolates are labeled with \* and \#, respectively

Regarding the value of ribotoxin sequences in a phylogenetic sense, the topology of the tree shown in Fig. [1](#Fig1){ref-type="fig"} was compared to those obtained based on ITS and β-tubulin sequence data (Varga et al. [@CR31]). The tree based on ribotoxin sequences could distinguish some of the species assigned to *Aspergillus* section *Clavati* (e.g. *A. longivesica, N. acanthosporus* and most *A. giganteus* isolates). However, ribotoxin genes of various *A. clavatus* isolates were found to belong to distinct clades, while those of *A. clavatonanicus* and *A. rhizopodus* were more closely related to *A. clavatus* than they were on trees based on other sequence data (data not shown; Varga et al. [@CR31]). Interestingly, the α-sarcin clade contained ribotoxin gene sequences from both Aspergilli and Penicillia (Fig. [1](#Fig1){ref-type="fig"}). Consequently, ribotoxin gene sequences cannot be used reliably for studying phylogenetic relationships among the producing species.

Comparison of the amino acid sequences of the ribotoxin genes of *Aspergillus* section *Clavati* to those of α-sarcin, gigantin and mitogillin is presented in Fig. [2](#Fig2){ref-type="fig"}. The amino acid sequences of the ribotoxin genes examined were highly similar in agreement with previous findings (Lin et al. [@CR13]; Lacadena et al. [@CR11]). The amino acids found to be involved in proton transfer (His50, Glu96 and His137, labelled with \*), the two Trp residues of α-sarcin conserved in all ribotoxins known so far (labelled with \#) and the Cys residues (labelled with C) have been found in all sequences (Fig. [2](#Fig2){ref-type="fig"}; Lacadena et al. [@CR11]). The ribotoxin gene sequences of *A. longivesica* and *N. acanthosporus* isolates differ from the other known ribotoxins in other, less conserved regions, indicating that these genes could encode for functional ribotoxins. However, further studies are needed to clarify if the ribotoxin genes of *A. longivesica* and *N. acanthosporus* encode functional ribosome-inactivating proteins.Fig. 2Alignment of amino acid sequences of the ribotoxin genes identified. The amino acids found to be involved in proton transfer (His50, Glu96 and His137) are labelled with \*, the two Trp residues of α-sarcin are labelled with \#, while the Cys residues are labelled with C. The main regions of the ribotoxin genes are shown above the alignment (Lacadena et al. [@CR11])

In conclusion, we found that all species assigned to *Aspergillus* section *Clavati* carry ribotoxin genes, including *A. longivesica, A. clavatonanicus* and *N. acanthosporus*. Comparative analysis of the amino acid sequences of these gene fragments indicate that ribotoxins could be produced by these species. Further work is in progress to confirm the ribonucleolytic activities of cell-free extracts of these isolates, including those of *A. longivesica* and *N. acanthosporus*. Since these two species produce new types of ribotoxins, further detailed studies are needed to clarify their activities and their cytotoxic effects.

This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
